Phenotypic plasticity represents an elegant adaptive response of individuals to a change in their environment. Bluehead wrasses (Thalassoma bifasciatum) exhibit astonishing sexual plasticity, including female-to-male sex change and discrete male morphs that differ strikingly in behavior, morphology, and gonadal investment. Using RNA-seq transcriptome profiling, we examined the genes and physiological pathways underlying flexible behavioral and gonadal differences among female, dominant (bourgeois) male, and female-mimic (sneaker) male blueheads. For the first time in any organism, we find that female mimicry by sneaker males has a transcriptional signature in both the brain and the gonad. Sneaker males shared striking similarity in neural gene expression with females, supporting the idea that males with alternative reproductive phenotypes have "female-like brains." Sneaker males also overexpressed neuroplasticity genes, suggesting that their opportunistic reproductive strategy requires a heightened capacity for neuroplasticity. Bourgeois males overexpressed genes associated with socio-sexual behaviors (e.g., isotocin), but also neuroprotective genes and biomarkers of oxidative stress and aging, indicating a hitherto unexplored cost to these males of attaining the reproductively privileged position at the top of the social hierarchy. Our novel comparison of testicular transcriptomes in a fish with male sexual polymorphism associates greater gonadal investment by sneaker males with overexpression of genes involved in cell proliferation and sperm quality control. We propose that morphological female-mimicry by sneaker male teleosts entails pervasive downregulation of androgenesis genes, consistent with low androgen production in males lacking well-developed secondary sexual characters.
Introduction
Phenotypic plasticity in reproductive strategy as a response to environmental variation is widespread in nature. Such plasticity has clear implications for individual fitness while driving adaptive novelty and biological diversification at evolutionary scales (West-Eberhard 2003; Oliveira et al. 2008) . Especially striking is the behavioral and sexual plasticity of many fishes, which includes functional sex change (female-to-male or male-to-female) and male intrasexual polymorphism, where territorial "bourgeois" and female-mimic "sneaker" males may arise from distinct developmental trajectories and differ strikingly in their behavioral ecology, external morphology, and gonadal investment (Taborsky 1998) . However, the genomic and mechanistic basis of this demonstrable interplay between genes and environment remains elusive for most systems (Roff 2007; Aubin-Horth and Renn 2009; Feldmeyer et al. 2014) .
Sexually plastic fishes offer excellent models for exploring the mechanistic basis of plastic development. Sexual transitions in fishes involve radical, often rapid, alterations in behavior, external morphology, and gonadal anatomy (Nakamura et al. 1989; Munday, Buston, et al. 2006; Sadovy de Mitcheson and Liu 2008; Godwin 2010; Todd, Liu, et al. 2016 ) in response to physiological (e.g., body size) and/or environmental (e.g., social) cues of future reproductive success (Ghiselin 1969; Warner 1988; Gross 1996; Taborsky and Brockmann 2010) . However, the molecular mechanisms underpinning the amazing sexual plasticity of fishes remain largely unknown. Especially little is known of how the genome and environment intersect to trigger phenotypic transitions, or what expression states maintain plastic reproductive traits once an environmental cue has lapsed.
Bluehead wrasses (Thalassoma bifasciatum, Labridae) exhibit both female-to-male sex change and male sexual polymorphism (i.e., diandric protogyny). These small Caribbean reef fish live in social groups of one or a few dominant terminal-phase (TP) males and many females, plus a few initial-phase (IP) males ( fig. 1A ) (Warner and Swearer 1991; Munday, White, et al. 2006) . Females and IP males mature directly from juveniles, are nonterritorial, and can each become a brightly colored TP male later in life at a larger size and under appropriate social conditions ( fig. 1B ). Territorial TP males have primary access to females and focus considerable reproductive efforts on territorial defence, courtship, and distinctive coloration. By contrast, IP males mimic females in appearance and behavior and employ a range of subversive mating tactics to gain fertilizations that include sneaking (invading TP male territories to spawn with resident females), streaking (opportunistically releasing sperm as TP males pair spawn with females), and group-spawning (5-20 IP males with a single female) (Warner and Robertson 1978) . Therefore, IP males almost always spawn under conditions of sperm competition and, in response, show significantly higher gonadal investment than TP males, both in terms of relative testis volume (3-to 4-fold larger) and sperm concentration (60% higher per spawn) (Warner and Robertson 1978; Taborsky 1998; Sch€ arer and Robertson 1999) .
Major differences in mating strategy, sexual ornamentation, and gonadal investment, as seen between TP and IP male blueheads, are typical of male sexual polymorphism across the animal kingdom (Taborsky 2001; Taborsky and Brockmann 2010) . However, the key genes and biological systems that underlie these differences are not yet wellstudied in any species. Transcriptomic studies in fishes have focused exclusively on the brain and suggest that reproductive behavior may be more important than gonadal sex in determining similarities in neural gene expression (Fraser et al. 2014; Schunter et al. 2014; Nugent et al. 2016; Partridge et al. 2016) . Studies in other taxa are likewise limited to either single-organ (e.g., testes of squid producing dimorphic spermatozoa, Yoshida et al. 2014) or whole-body scales (e.g., "fighter" vs. "scrambler" male mites, Stuglik et al. 2014) . Still uninvestigated at a transcriptional level are the striking differences in gonadal investment (higher in sneaker males), and secondary sexual characters and androgen production (higher in bourgeois males), that typify male sexual polymorphism in fishes and other animals (e.g., Sinervo et al. 2000) , and which have a likely basis in the testis. For example, secondary sexual character development in bourgeois male teleosts is linked to high levels of the main teleost androgen 11-ketotestosterone (11KT), typically undetectable in females and female-mimic males (Cardwell and Liley 1991; Hourigan et al. 1991) . No study has yet examined the genomic basis of behavioral and sexual plasticity in a species where both male and female development is plastic, that is, exhibiting both sexchange and male sexual polymorphism.
Bluehead wrasses are one of the best-studied models for understanding the social control, selective advantage, and neuroendocrine regulation of sexual plasticity (Warner 1975 (Warner , 1984 Charnov 1982; Perry and Grober 2003; Lamm et al. 2015; Liu et al. 2017) , and present an ideal system in which to study its genomic basis. We therefore used RNA sequencing (RNA-seq) to examine the transcriptome-wide expression states that define behavioral and gonadal sex differences among adult female, IP male, and TP male blueheads. Specifically, we sought to determine transcriptional signatures of male sexual polymorphism in this species to address the following questions: 1) does behavioral mimicry of females by IP males involve adoption of a feminized neural expression profile, 2) what are the key genes, in both brain and gonad, showing expression differences consistent with alternative mating strategies between territorial TP males and sneaker IP males, and 3) what key genes and functions contribute to differences in sperm production (higher in IP males), and secondary sexual characters and androgenesis (higher in TP males), among alternative male phenotypes? FIG. 1. Social structure and mating system of the bluehead wrasse, Thalassoma bifasciatum. (A) Distinctively colored terminal-phase (TP) males (top left) aggressively defend mating territories where they court groups of smaller females, which may also include cryptic "sneaker" males. Image credit: Kevin Bryant. (B) Sexual development is socially controlled. Pelagic juveniles settling on a home reef become either initial phase (IP) females or males. IP male development is rare except on larger reefs (>200 individuals), where up to 50% of juveniles become IP males (Warner 1984) , presumably because TP males less-successfully monopolise mating opportunities at high population densities. Later in life and at a larger relative size, both IP phenotypes can become a terminal-phase (TP) male to assume a vacant dominant position in the social hierarchy (Warner and Swearer 1991) . Todd et al. . doi:10.1093/molbev/msx293 
MBE

Results
Gene Expression Profiling by RNA Sequencing
To identify key genes and biological functions associated with behavioral and gonadal differences among plastic sexual phenotypes in the bluehead wrasse, we analyzed RNA sequencing (RNA-seq) data from forebrain and gonad of adult females, TP (bourgeois) males, and IP (sneaker) males (supplementary table S1, Supplemenatry Material online). We assembled a de novo transcriptome to provide a reference for expression quantification, which after redundancy removal contained 241,597 transcripts and 190,151 "genes" (supplementary table  S2 , Supplemenatry Material online). To identify global and gene-specific expression differences among phenotypes, we performed sample clustering and differential expression analyses. We investigated the functional relevance of genes differentially upregulated in each phenotype using Gene Ontology (GO) and KEGG pathway analyses.
Neural Expression Profiles Reflect Differences in Territorial versus Nonterritorial Behaviors
In forebrain, global expression differences among phenotypes were closely associated with differences in territorial behavior. The greatest number of differentially expressed (DE) genes was found between the two male morphs (41 DE genes FDR-P < 0.05, 65 DE genes FDR-P < 0.1), whereas IP males and females were highly similar (3 DE genes, FDR-P < 0.05 and 0.1) ( fig. 2A) (table 1) .
Genes differentially upregulated in TP males in comparisons against both IP males and females encode enzymes within the androgen (hsd17b3) and taurine (cdo1) production pathways, plus the hormone isotocin (it), which is linked to social dominance in teleosts (see Discussion). Other genes that were TP-male biased in forebrain against both nonterritorial phenotypes include those involved in adaptive (MHC-1 ZBA) and innate (c7a) immunity, regulators of actin cytoskeleton development (rhpn2, rassf7a), and transcriptional regulators of cellular differentiation (creg1).
When compared with IP males specifically, TP males showed significant upregulation of additional immunity genes (cd9a, b2ml), plus genes linked to neuroprotection from oxidative stress (aldh2.2, foxo1a) including ketogenesis (hmgcll1). Other genes upregulated in TP males relative to IP males relate to neuronal development, synaptic signaling, and behavior (rem2, amer2, ppp3ca, gpsm1b, rgs5a), including retinoid signaling (cyp27c1). Genes significantly upregulated in TP males against females alone include further immune response (egfra, ik) and neurogenesis (swap70b) genes, and regulators of neuroendocrine secretion (pyya, proSAAS) .
Genes significantly upregulated in IP males against TP males include many that are functionally involved in processes relating to brain development and neurogenesis, including cell fate determination (e.g., sox11a, cux2b), lipid, and glucose metabolism (e.g., abhd3). Many are directly implicated in synaptic plasticity related to memory and learning (e.g., shisa7b, HDAC1, atf4a). Overexpression of protein kinase C (prkcg) in conjunction with numerous insulin signaling genes is significant, because insulin and prkc interact in numerous biochemical pathways underlying memory storage and learning (Nelson et al. 2008) . No genes were significantly upregulated in IP males against females, highlighting the similarity in neural expression between these behaviorally more similar phenotypes.
Only three genes were differentially upregulated in females against IP males: brain aromatase (cyp19a1b) responsible for estrogen synthesis, a protein homologous with complement component C4, and an unannotated sequence significantly female-biased in comparisons against both male phenotypes. Brain aromatase was also significantly upregulated in females against TP males (although at FDR-P < 0.1), and in TP males against IP males. Against TP males, females significantly upregulated genes involved in transcription regulation and pre-mRNA processing (scaf4, fosl2), as well as neuronal connectivity, including gap junction formation (cx35b) but also axonal growth inhibition (rtn4rl2, fign). 
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Isotocin Expression Is Localized within the Preoptic Area
To technically validate the phenotype-specific expression pattern for isotocin observed in the RNA-seq data, we performed quantitative PCR (qPCR). qPCR data supported a significant effect of sexual phenotype on isotocin expression (F2, 6 ¼ 18.28, P < 0.01) ( fig. 3 ). Normalized relative isotocin mRNA levels were significantly higher in forebrain of TP males compared with IP males (P < 0.01) and females (P < 0.01). To identify the spatial pattern of isotocin expression within the forebrain, we also performed in situ hybridization (ISH) in a TP male. We found that isotocin-expressing neurons are localized within the gigantocellular, magnocellular, and parvocellular preoptic area of the hypothalamus ( fig. 4 ).
Gonadal Gene Expression Is Strongly Sex-Biased
There were large, expected, sex-specific expression differences observed in the gonad. Functional enrichment analysis of genes upregulated in testis (4,793 unique Zebrafish genes) identified gene groups 
Testicular Expression Differences Reflect Differences in Androgen Production and Gonadal Investment
Forty genes were differentially regulated between TP and IP male testes: 32 upregulated in TP males and 8 upregulated in IP males (FDR-P < 0.05) (table 2). TP male-biased genes have functions in steroidogenesis and spermatogenesis. These include genes encoding the key enzymes involved in androgen biosynthesis (cy17a1, cyp17a2, hsd3b1), specifically 11KT conversion (cyp11c1, hsd11b2), plus the key steroidogenesis genes star and the luteinizing hormone/choriogonadotropin receptor (lhcgr, significant at FDR-P < 0.1). Other TP male-biased genes encode structural or membrane proteins functionally relevant to sperm maturation and egg-sperm interactions (e.g., trpc6b, tspan35, vwde, acta2). There were too few genes significantly DE between TP and IP male testes for statistically powerful enrichment analysis, although GO terms associated with TP male-biased genes relate primarily to steroid biosynthetic processes, lipid transport, calcium ion signaling, and membrane cellular components. Genes upregulated in IP male testes (8 FDR-P < 0.05; 14 FDR-P < 0.1) encode proteins and transcription factors with roles in sperm quality (kynu) and cell proliferation processes, including ribosome biogenesis (nsa2, surf6, zbed1), DNA stability (hist2h3ca1), and DNA repair (faap24), plus several uncharacterized membrane proteins.
Discussion
Phenotypic plasticity is pervasive in nature, yet the mechanisms that regulate phenotypic transitions and maintain plastic traits remain elusive in most species. For many social fishes, switching among sexual phenotypes enables optimizing individual lifetime reproductive success in a dynamic social environment (Warner 1988; Munday, Buston, et al. 2006) . Using whole-transcriptome gene expression profiling, we identify key genes, biological functions, and physiological systems associated with behavioral and gonadal sex differences among plastic sexual phenotypes in the bluehead wrasse, a model sex-changing fish with male sexual polymorphism. For the first time in any organism, we find that female mimicry by sneaker males has a transcriptional signature in both the brain and the gonad.
Neural expression differences closely reflected behavioral differences between territorial (TP males) and nonterritorial (females, IP males) phenotypes ( fig. 2A ) of bluehead wrasse. These data add to growing transcriptomic evidence supporting the idea that female-mimic males have "female-like" brains (Godwin 2010) , both in fishes (Goodson and Bass 2000; Aubin-Horth et al. 2005; Renn et al. 2008; Fraser et al. 2014; Schunter et al. 2014; Partridge et al. 2016 ) and other animals (Stuglik et al. 2014) . Therefore, feminized neural expression profiles may be a general neurogenomic feature of sneaker males that employ female behavioral mimicry as a reproductive tactic. Our data also reveal candidate genes for social dominance and suggest specific neuroplasticity processes may be active in each phenotype.
We present the first comparison of testicular transcriptomes between female-mimic and bourgeois males that invest differently in sperm production and secondary sexual characters. We propose a molecular basis for morphological female-mimicry in sneaker male teleosts that involves pervasive downregulation of androgenesis genes, consistent with low androgen (11-ketotestosterone) production in males lacking well-developed secondary sexual characters (Borg 1994) . Our data also identify candidate genes overexpressed in sneaker males that may support greater gonadal investment and, potentially, chemical crypsis.
Isotocin as a Regulator of Teleost Socio-Sexual Behavior
Isotocin, the teleost homologue of oxytocin in mammals, showed an expression pattern consistent with mediating social dominance behaviors in bluehead wrasses. Isotocin expression was significantly TP-male biased, a pattern we confirmed with qPCR. Our ISH data localize isotocinexpressing neurons within the preoptic area of the hypothalamus (POA), a primary site for socio-sexual behavioral integration in vertebrates (O'Connell and Hofmann 2012). Isotocin is emerging as a major neuromediator of teleost sociality and social dominance hierarchies in particular (Almeida et al. 2012; Godwin and Thompson 2012; Lema et al. 2015) . Experiments in cooperatively breeding cichlids (Neolamprologus pulcher) suggest that isotocin mediates social decision-making by enhancing sensitivity to social stimuli (Reddon et al. 2014 ): fish treated with exogenous isotocin were more responsive to social challenges from dominant individuals, and were more sensitive to the size of their opponents in aggressive interactions (Reddon et al. 2012) . Reproductive success of TP males depends critically on their ability to establish and defend a mating territory (Warner and Schultz 1992) . Effectively interpreting social cues will be critical in contests with competing TP males, and for courtship with females. Another possibility is that isotocin modulates anxiety, as oxytocin does in mammals (Neumann 2008) . Increased isotocin and reduced anxiety in TP males may support territorial and courtship behaviors specific to this phenotype, compared with more "cautious" females and IP males.
Isotocin may also mediate behavioral transitions associated with socially cued sex change. Isotocin was one of very few neural genes found upregulated during female-to-TP male sex change in RNA-seq and qPCR time-series data from bluehead wrasse (Liu H, Todd EV, Lamm MS, Thomas JT, Godwin JR, Gemmell NJ, unpublished data). Isotocin was also differentially regulated across sex change in blue-banded goby (Lythrypnus dalli), a bidirectional sex-changer, although Female Mimicry by Sneaker Males . doi:10.1093/molbev/msx293 MBE in the opposite direction: isotocin-immunoreactive cells were more numerous in the forebrain of females than dominant males, and decreased during female-to-male sex change (Black et al. 2004) . Limited current data suggest complex and potentially polymodal effects of isotocin on teleost sociality depending on sex, dosage, timing, and social context (Thompson and Walton 2004; Braida et al. 2012; Sokołowska et al. 2013; Lema et al. 2015) . Although generalizations are not yet possible, the clear role isotocin plays in regulating teleost sociality, including socially cued phenotypic transitions, warrants further investigation. Our data also reveal other genes that merit further investigation as candidate regulators of aggression and dominance behavior in teleosts. The G-protein signaling genes rgs5a and gpsm1b are upregulated in territorial male blueheads (this study) and black-faced blennies (Schunter et al. 2014 ). In mammals, rgs genes are implicated in male aggression (Oliveira-dos-Santos et al. 2000) and gpsm1b mediates signaling from vasoconstrictive hormones including vasopressin (homologue of teleost vasotocin). Major neuropeptides like vasotocin, gonadotropin-releasing hormone, and kisspeptin, plus monoamine neurotransmitters norepinephrine, dopamine, and serotonin, have all been implicated in mediating sex-specific behaviors and sex-change in bluehead wrasses and other fishes (Godwin et al. 2000; Semsar et al. 2001; Grober et al. 2002; Larson et al. 2003; Semsar and Godwin 2003; Lorenzi et al. 2009; Mechaly et al. 2013 ) (reviewed by Godwin 2010; Godwin and Thompson 2012) . Curiously, no transcriptomic studies of males with alternative mating phenotypes, including ours, have found significant phenotypic differences in expression for the relevant encoding genes. Studying expression differences at a whole-brain/forebrain level could obscure meaningful differences at individual nuclei (see Conclusions and Future Directions). Nevertheless, gpsm1b is a promising upstream regulator of these neuropeptide genes and may well be involved in coordinating some of the neuroplasticity seen among sexual phenotypes in fish.
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IP Males Upregulate Genes Involved in Neuroplasticity, Memory, and Learning
The opportunistic mating strategy of IP males likely requires significant behavioral flexibility (group-spawning, sneaking, streaking), and we find evidence that dynamic neuroplasticity processes affecting memory and learning are active in the forebrain of these males compared with females and TP males (pair-spawning) (table 1). These include genes encoding protein kinases (prkcg) and phosphatases (ppp1r14c, inpp5l, ctdspl3) that regulate brain plasticity by strengthening and weakening the efficacy of synaptic transmission, respectively (Winder and Sweatt 2001) . IP males also upregulate several transcription factors that either promote neurogenesis (e.g., sox11 and cux2b, Iulianella et al. 2008; Wang et al. 2013) or negatively regulate learning-and memory-associated expression programs (HDAC1 and artf4a, Lee and Silva 2009; Whittle and Singewald 2014) . The balance between processes that promote or constrain neuroplasticity is believed to be the basis for learning and memory (Abbott and Nelson 2000) . Earlier transcriptomic studies have also associated sneaking behavior in male teleosts with overexpression of learning-and memory-associated genes, suggesting that sneaking is the more cognitively demanding strategy (Aubin-Horth et al. 2005; Fraser et al. 2014) .
Females and TP male blueheads also uniquely upregulated genes associated with neurogenesis and plasticity, suggesting that distinct neuroplasticity processes are active depending on the sexual phenotype. Females overexpressed genes NOTE.-Annotated genes significant at FDR-P < 0.1 are shown. Values significant at FDR-P < 0.05 are italicized. FDR-P, significance value adjusted for false discovery rate; TP, terminal-phase male; IP, initial-phase male.
Female Mimicry by Sneaker Males . doi:10.1093/molbev/msx293 MBE involved in the formation or remodeling of specific neuronal connections, whereas TP males overexpressed genes largely related to neuroprotection. The teleost brain is unique among vertebrates in displaying high neurogenic activity throughout life, modulated by local steroid production (reviewed by Diotel et al. 2011; Pellegrini et al. 2016) . The tight link between neurogenesis and steroidogenesis in the adult teleost brain is likely important in facilitating the unique behavioral and sexual plasticity of fishes (Le Page et al. 2010) , and may explain our observation of distinct neuroplasticityrelated expression among sexual phenotypes of bluehead wrasse.
Its Tough at the Top-TP Males Upregulate Genes Involved in Neuroprotection and Stress
Overexpression of numerous genes related to immunity and neuroprotection (table 2) suggests that the brain of TP males may be differentially affected by oxidative stress and aging. These include b2-microglobulin (B2M), a component of MHC-I molecules identified as a proaging factor in the blood of humans and mice (Villeda et al. 2011; Smith et al. 2015) . Neurodefensive genes upregulated in TP males include cysteine dioxygenase (cdo1), essential for the biosynthesis of taurine-a powerful antioxidant and cytoprotectant with demonstrated antiaging effects in the brains of mice (El Idrissi et al. 2013 ) and the testes of rats and fish (Yang et al. 2010a (Yang et al. , 2015 Higuchi, Celino, Shimizu-Yamaguchi, et al. 2012; Higuchi, Celino, Tamai, et al. 2012) . The brain's immune system modulates the structural remodeling processes that enable neural circuits to adapt and change with experience (Stevens et al. 2007; Elmer and McAllister 2012; Lee et al. 2014) . However, oxidative stress and aging are both associated with immune hyperactivity, with detrimental effects on brain plasticity and neurogenesis (Boulanger and Shatz 2004; Yirmiya and Goshen 2011) .
The defining features of bourgeois male teleosts-social dominance, higher androgen levels, and often older ageare all associated with increased oxidative stress (von Schantz et al. 1999; Alonso-Alvarez et al. 2007; Garratt and Brooks 2012; Olsson et al. 2012; Beaulieu et al. 2014; Georgiev et al. 2015a ). However, dominant individuals are often also reported to have heightened antioxidant defences and a superior oxidative status (Haddad et al. 2007; Isaksson et al. 2011; Georgiev et al. 2015b ). Our data not only suggest that TP male brains are more affected by age and oxidative stress but that they may compensate by upregulating neuroprotective systems.
A direct relationship between oxidative stress and social dominance still requires empirical testing in fishes. However, overexpression of genes encoding antioxidant defences (e.g., aldehyde dehydrogenases) is now demonstrated for dominant males of several species (e.g., blueheads, current study; black-faced blenny, Schunter et al. 2014; African cichlids, Renn et al. 2008) . Increased oxidative load may represent an unrecognized physiological cost of attaining the reproductively privileged position of a bourgeois male at the top of the social hierarchy, relevant to better understanding the trade-offs of sexual plasticity.
Downregulation of Androgenesis May Underlie Morphological Crypsis in IP Males
Expression differences between IP and TP male testes were expected to reflect phenotype-specific differences in gonadal investment (higher in IP males) (Sch€ arer and Robertson 1999) and production of 11-ketotestosterone (11KT) (Hourigan et al. 1991) , the main teleost androgen (higher in TP males). Lack of secondary sexual characters in cryptic male teleosts is associated with low 11KT production (testosterone acts primarily as a prohormone in teleosts, Borg 1994), and we provide the first comprehensive molecular data showing there is pervasive downregulation of androgen pathway genes in a male fish with female mimicry. We observed that genes encoding the near-complete complement of enzymes within the teleost androgen biosynthesis pathway were significantly overexpressed in TP male relative to IP male testes, and also female ovaries. These included both enzymes responsible for testosterone-11KT conversion (cyp11c1 and hsd11b2), plus key genes regulating steroidogenesis and lipid (steroid) signaling (table 2) . 11KT is synthesized in the teleost testis and promotes male-specific functions including secondary sexual character development, reproductive behaviors and spermatogenesis (Borg 1994) . Males lacking well-developed secondary sexual characters have consistently low or undetectable levels of circulating 11KT, similar to females, a feature thought to permit morphological crypsis in sneaker males (reviewed by Brantley et al. 1993; Borg 1994) . Pervasive downregulation of androgen pathway genes in IP male bluehead wrasse provides a genetic basis for altered androgen production and morphological crypsis in a sneaker male with female mimicry.
Differential regulation of androgen pathway genes is likely of central importance for maintaining morphological and behavioral differences between bourgeois and cryptic males, but also for orchestrating phenotypic transitions in sexually plastic fishes. A recent time-series RNA-seq analysis across sex change in bluehead wrasse found that these same androgenesis genes are steadily upregulated in the transitioning gonad (Liu H, Todd EV, Lamm MS, Godwin JR, Gemmell NJ, unpublished data) . Our data and that of Liu et al. are consistent with the steady rise in serum 11KT as TP males develop their characteristic coloration during sex or role change, in blueheads and other diandric protogynous hermaphrodites (Nakamura et al. 1989; Cardwell and Liley 1991) . 11KT treatment can also readily induce secondary sexual character development in female and cryptic male blueheads (Semsar and Godwin 2004 ) and other fishes with male sexual polymorphism Oliveira, Carneiro, et al. 2001) .
Without high androgen production, the factors that support testicular function in cryptic males, whose testes may be 2-to 3-fold larger than those of bourgeois males (see Introduction), were unclear. In our data, genes encoding enzymes required for testosterone-11KT conversion were significantly overexpressed in IP male testes compared with female ovaries (cyp11c1, hsd11b2; i.e., TP > IP > F). This suggests that IP males produce low but biologically meaningful levels of 11KT, sufficient to support healthy Todd et al. . doi:10 .1093/molbev/msx293 MBE spermatogenesis but not secondary sexual character development. Other sex steroids, including estrogens and progestins, also play a role in teleost spermatogenesis (Schulz et al. 2010; Kobayashi et al. 2011) . However, aromatase expression (indicative of estrogen synthesis) was higher in the gonad and brain of TP males over IP males.
Greater Gonadal Investment by IP Males Is Associated with Overexpression of Cell Proliferation and Sperm Quality Genes
Sneaker males show greater investment in sperm production and gonadal volume to support a mating strategy characterized by high levels of sperm competition (see Introduction). Our transcriptomic data from bluehead wrasse testes provide novel evidence that biological processes potentially supporting increased spermatogenesis in IP males include ribosome biogenesis, genome integrity, and sperm quality (table 2). Increased ribosome biogenesis characterizes proliferating cells and is essential during gametogenesis (Sanchez et al. 2016) . Enhanced DNA-stability, DNA-repair, and immunoprotection functions will also be critical for maintaining sperm integrity during spermatogenesis. Genes upregulated in IP male testes include components of the Fanconi anemia DNA-repair pathway (faap24), which acts in male germ cells to maintain genome integrity during spermatogenesis in humans (Jamsai et al. 2015) and zebrafish (Titus et al. 2009 ), and kynureninase (kynu), which is involved in tryptophan catabolism along the kynurenine pathway that in mammals regulates an immune-tolerant environment in the testis and is critical for sperm quality control (Jrad-Lamine et al. 2011; Guiton et al. 2013) . We provide the first molecular evidence for enhanced genome integrity and sperm quality control processes in testes of a cryptic male teleost with increased sperm production.
IP and TP Male Testes Differentially Regulate Genes Associated with Sex Pheromone Production and EggSperm Interactions
Our data imply that female mimicry by IP males may involve active chemical subterfuge. IP male testes and female ovaries both overexpressed kynureninase (kynu) relative to TP males, one of only two genes to show this pattern in our data (the second gene was unannotated). Aside from a role in sperm quality control (discussed earlier), products of the kynurenine pathway are found to be potent male attractants in aquatic broadcast spawners (Riffell et al. 2004) , including female masu salmon, which release L-kynurenine as a sex pheromone attractive to spermiating males (Yambe et al. 2006) . If kynurenine is a female sex pheromone in bluehead wrasse, as it is in salmon, IP males may use it as a form of chemical disguise. In the black goby (Gobius niger), sneaker male ejaculate was shown to be pheromonally inconspicuous to dominant males, thereby increasing mating opportunities through parasitic spawning (Locatello et al. 2002) . Chemical mimicry of females by males has been reported in only a few other instances (e.g., rove beetles, Peschke 1987; garter snakes, Shine et al. 2000 ; diandric ants, Cremer et al. 2002) and is far less well-studied than morphological mimicry, or the sex pheromone production by bourgeois males that is usually considered to be androgen dependent (Borg 1994 ) (e.g., produced from specialized anal glands in dominant male blennies that are absent in parasitic males, Serrano et al. 2008) . Further experiments are needed to confirm whether cryptic male teleosts produce specific chemical signals designed to deceive aggressive males, but our data suggest chemical mimicry may be more widely employed than currently appreciated.
Differential expression of membrane protein genes and genes involved in egg-sperm interactions suggests that molecular-level factors may be influencing sperm competition between TP and IP males. For example, several genes functionally important for sperm activation and fertilization were upregulated in TP male testes, and both male phenotypes upregulated different uncharacterized genes encoding predicted membrane proteins (table 2). Many of the former are conserved across metazoans, yet little is known regarding their potential role in nonmammalian vertebrate reproduction. These genes warrant further investigation for their potential involvement in cellular-level sperm competition.
Expected Patterns
There were also many expected patterns in the transcriptome data reflecting known differences in hormone production, behavior, and physiology among sexual phases of bluehead wrasse. For example, the extensive sex-biased differences in gonadal gene expression relate to physiological differences in the production of eggs versus sperm that are widely reported in testis-ovary transcriptome comparisons (Small et al. 2009; Manousaki et al. 2014) , including previously for female versus TP male bluehead wrasse .
In the brain, there were significant expression differences in genes involved in local sex steroid production. Genes responsible for local testosterone (hsd17b3) and estrogen (cyp19a1b) synthesis were overexpressed in TP males and females, respectively. Interestingly, aromatase expression was significantly higher in TP males over IP males (i.e., F > TP > IP), a pattern described in other teleosts with male sexual polymorphism (Gonçalves et al. 1996; Schunter et al. 2014; Partridge et al. 2016) . These data are consistent with conserved roles for these genes in maintaining neural sex differences in teleosts, including reproductive behavior (Le Page et al. 2010; Diotel et al. 2011) .
TP males also overexpressed several genes known to regulate neuroendocrine secretion (pyya, proSAAS, cdo1). Cysteine dioxygenase (cdo1), essential in the biosynthesis of taurine, is known to stimulate testosterone production in the mammalian and teleost testis (Yang et al. 2010b) . Peptide YY (pyya), although poorly studied in teleosts, shares structural homology with neuropeptide Y, a neurotransmitter regulating neuroendocrine release that also reduces anxiety and stress (Dumont et al. 1992) . Interestingly, administration of NPY may induce sex change in bluehead wrasse (Kramer and Imbriano 1997) . These genes are candidates for supporting local androgen production and influencing TP male-specific reproductive behavior.
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Conclusions and Future Directions
We identify the expression states that define alternative reproductive phenotypes in a sex-changing fish with male sexual polymorphism, and generate testable hypotheses regarding the key genes and physiological processes that regulate sexual plasticity in the bluehead wrasse. For the first time in any species, we show that behavioral and morphological female-mimicry by sneaker males has a molecular signature in both the brain and the gonad. Our data support the premise that sneaker males have "female-like" brains, and provides the first evidence that morphological mimicry by these males involves pervasive downregulation of androgenesis genes in the gonad.
Testing some of our hypotheses in a free-living nonmodel species will be challenging, and verifying these patterns in independent animal systems will be important. A valuable approach for future work will be finer-scale anatomical sampling, as current transcriptomic studies in nonmodel species are limited in their resolution because of sampling at wholeorgan or whole-organism levels. As we and others have shown, organ-level analyses readily detect broad-scale expression differences and generate rich data sets for hypothesis development. However, in heterogeneous tissues like the brain, meaningful yet subtle, transient, or highly localized (e.g., region-or cell-specific) expression differences will be impossible to detect without anatomically targeted sampling (see Todd, Black, et al. 2016) . Therefore, it may be unsurprising that studies to date have not found significant expression differences for key neuropeptide genes known to regulate socio-sexual behavior and reproduction in teleosts (see above). Coupling anatomically guided tissue sampling, for example, using detailed immunohistochemical methods, with increasingly accessible and sophisticated sequencing approaches (e.g., low-input or single cell RNA-seq, Kolodziejczyk et al. 2015) should yield much greater insight into the molecular underpinnings of behavioral and sexual variation in these intriguing model systems.
Materials and Methods
Sample Collection TP males, IP males, and females of T. bifasciatum (N ¼ 5 per phenotype) were collected in June 2014 from patch reefs in the Florida Keys. Fish were euthanized with an overdose of MS-222 (Sigma-Aldrich) within 2 min of capture and the brain and gonads dissected immediately. The whole brain and one of the paired gonadal lobes were preserved immediately in RNAlater (Life Technologies). Samples were kept on ice before transfer to À20 C for up to 1 week, then at À80 C until RNA extraction. To confirm sexual phenotype of each individual and ensure that no sampled females were undergoing sex change, histological analysis was performed on the second gonadal lobe. Tissue was fixed in 4% paraformaldehyde/1Â PBS overnight at 4 C then stored in 1Â PBS until examination via paraffin sectioning and Hematoxylin and Eosin (HE) staining (Histology Laboratory, College of Veterinary Medicine, NCSU). Sample collection was performed under NOAA permit FKNMS-2014-056 in accordance with guidelines established by the Institutional Animal Care and Use Committee at North Carolina State University.
RNA Extraction, Library Preparation, and Sequencing
Total RNA was isolated from one gonadal lobe and the forebrain of each individual. Forebrain only (including midbrain, excluding hindbrain consisting of corpus cerebelli, pons, and medulla) was used for RNA extraction, as this region contains neural circuits involved in the regulation of social behavior and decision-making that are likely important for driving phenotypic behavioral differences (O'Connell and Hofmann 2011). Individual tissue samples were homogenized in 1-ml TRIzol Reagent (Life Technologies) with 0.5-mm zirconium oxide beads in a Bullet Blender (Next Advance) for 5 min (brain samples) or using a TissueLyser II (Qiagen) (gonad samples). Phase separation was performed using a 1/10 volume of 1-Bromo-3-Chloropropane (Sigma-Aldrich), incubated for 5 min at room temperature before centrifugation at 12,000Âg for 15 min. RNA was precipitated from the upper aqueous phase using an equal volume of 70% ethanol, then purified using a Norgen Total RNA purification kit (Millennium Science) including on-column DNase treatment (Millennium Science). RNA concentrations were measured by Qubit 2.0 Fluorometer RNA assay HS kit (Life Technologies) and standardized to 100 ng/ll. RNA integrity was assessed on an Agilent 2100 Bioanalyzer. All samples had RIN ! 7.2 (mean 8.7, SD 0.80) (supplementary table S1, Supplemenatry Material online). A single sample with RIN 6.1 was excluded from analysis (see below).
The 30 samples (forebrain and gonad for each of 5 biological replicates per phenotype) were prepared as individually barcoded Illumina TruSeq stranded mRNA libraries and sequenced in a pool of 86 total libraries (additional libraries are from a related study) over four lanes of an Illumina HiSeq 2500 (V4 chemistry, 125-bp paired-end reads) at the Otago Genomics and Bioinformatics Facility at the University of Otago, under contract to New Zealand Genomics Limited (NZGL). Libraries were pooled prior to multi-lane sequencing to avoid technical biases due to lane effects (Todd, Black, et al. 2016) . Raw RNA-seq data are available at NCBI's Sequence Read Archive under BioProject PRJNA376835 (IP males and females) and PRJNA293777 (TP males).
Data QC, De Novo Transcriptome Assembly, and Expression Quantification Read quality was assessed using FastQC v0.11.5 (Andrews 2010) . Raw reads were error corrected using Rcorrector v1.0.2 (Song and Florea 2015) with default parameters. Adapter removal and light quality trimming at PHRED < 5 was performed in TRIMMOMATIC v0.35 (Bolger et al. 2014) , as recommended for RNA-seq data (MacManes 2016).
In the absence of a well-annotated reference genome for bluehead wrasse, a de novo transcriptome was assembled as a reference for read mapping and expression quantification. To avoid the detrimental effects of sequence polymorphism on assembly quality (MacManes 2016), our assembly was based on brain and gonad libraries from a single individual per phenotype (6 libraries, 66.0 million trimmed paired reads). Error Todd et al. . doi:10.1093/molbev/msx293 MBE corrected, trimmed reads were assembled in Trinity v2.2.0 (Grabherr et al. 2011; Haas et al. 2013 ) using default parameters. To reduce redundancy in the assembled transcripts, CD-HIT-EST v4.6.6 (Li and Godzik 2006) was used to collapse contigs with at least 98% identity (e.g., representing alternative alleles from the same locus). Assembly quality and completeness were evaluated before and after redundancy removal using BUSCO v1.22 (Simao et al. 2015) and TransRate v1.0.3 (Smith-Unna et al. 2016) . BUSCO was run using the vertebrate ortholog database of 3,023 genes. Optional contig filtering within TransRate was not employed because this negatively affected assembly completeness, reducing complete BUSCO genes to 76%.
Gene expression estimates for each sample were obtained using the "align_and_estimate_abundance.pl" script from the Trinity package: for each library, corrected trimmed read pairs were mapped against the transcriptome assembly using Bowtie2 v2.2.9 (Langmead and Salzberg 2012) and transcript abundances were estimated using RSEM v1.2.29 (Li and Dewey 2011) with default settings. The Trinity de novo transcriptome assembler reconstructs genes and their putative alternative splice isoforms. However, the inherent difficulty in correctly inferring isoforms without a well-annotated reference genome means that many isoforms are erroneously inferred from de novo assemblies, such that there is lower performance of differential expression analyses performed at the transcript level (Vijay et al. 2013) . Therefore, we performed all downstream analyses at the "gene" level, using Trinity clusters as a proxy for genes (representing the summed counts of alternative isoform expression per gene). Gene-level analysis facilitates detecting differences in relative isoform usage between conditions (differential transcript usage), but cannot identify expression changes specific to individual isoforms. Although this may omit biologically meaningful differential expression between specific gene isoforms (e.g., an expression change in the opposite direction but of the same magnitude), gene-level expression analysis has been shown to produce more accurate, powerful, and interpretable results than transcript-level analysis (Soneson et al. 2015) .
Differential Expression
Sample clustering and differential expression analyses were performed for forebrain and gonad separately using a generalized linear model (GLM) framework in DESeq2 v1.12.4 (Love et al. 2014 ) within R v3.3.0 (R Core Team 2016 . To explore among-sample and within-group variation in transcriptome-wide expression, samples were clustered using heatmap and PCA approaches following regularized log transformation (see supplementary figure S5 , Supplemenatry Material online). These analyses identified one IP male gonad sample and one IP male brain sample as potential outliers. Histological examination of the former suggested inadvertent sampling of intestinal tissue, and the brain sample corresponded to lower quality input RNA (RIN 6.1). Both samples were excluded from further analysis as outliers may compromise statistical power to detect true differential expression by artificially increasing variance (biological noise) among samples. This is especially detrimental when true expression differences are subtle, as they are in the brain (Todd, Black, et al. 2016) . Therefore, brain and gonad differential expression were performed using 5 TP male, 4 IP male, and 5 female samples as biological replicates (14 final samples per tissue).
For each tissue, a single GML was fit to estimate size factors and dispersion across all 14 samples, before performing three pairwise contrasts of differential expression using the Wald test for significance of GLM coefficients. The three pairwise comparisons were performed for each tissue to identify genes characteristically expressed in each phenotype: TP male versus female, IP male versus female, TP male versus IP male. To reduce the false-discovery burden and optimize the number of significant results returned in each pairwise comparison, default independent filtering and outlier exclusion were performed prior to differential expression (DE) analysis within DESeq2. False Discovery Rate (FDR) was controlled at 5% to account for multiple testing, and an adjusted significance value (FDR-P) of <0.05 was used to define genes as significantly differentially expressed (DE) ( fig. 2) . Genes significant at FDR-P < 0.1 were also screened to investigate general patterns of gene expression between groups and are shown in tables 1 and 2.
Transcriptome Annotation, Functional Enrichment, and Gene Pathway Analysis Primary annotation of assembled contigs was achieved using BLASTX homology searches against the Ensembl zebrafish (Danio rerio) proteome (vGRCz10), chosen as the teleost genome of highest quality and completeness. Homology to known Zebrafish proteins (e-values < 1e-10) was found for 23% of contigs in the final assembly. It is typical for the majority of contigs in de novo assemblies from nonmodel species to lack annotation information (e.g., Schunter et al. 2014, 21% annotated; Whittington et al. 2015, 35% annotated) . However, almost half of all contigs found significantly DE in our analysis were annotated (e.g., 49%, FDR-P < 0.05). Significantly differentially expressed contigs are more likely to be highly expressed in at least one condition and, therefore, more correctly assembled. Many unannotated and non-DE contigs may represent transcription artefacts, lowly expressed mRNA variants or microRNAs, as well as misassemblies.
Contigs were also searched against the comprehensive UniRef90 (release 2016_09) protein database using the ultra-fast sequence aligner DIAMOND v0.8.24 (Buchfink et al. 2015) in -sensitive mode. Further annotation was performed using dammit! v0.3 (www.camillescott.org/dammit; last accessed November 13, 2017), which utilizes multiple databases for transcriptome annotation: Pfam-A v30.0 to identify protein domains together with TransDecoder to identify coding regions, Rfam v12.1 for noncoding RNAs, and OrthoDB v9 and BUSCO v1.22 ("vertebrata") for orthologous genes. In all cases, an e-value cut-off of 1eÀ10 was used, retaining the best hit.
To investigate the functional relevance of genes differentially upregulated in each phenotype, Gene Ontology (GO) annotation and KEGG pathway analyses were performed in DAVID v6.8 (Huang et al. 2009a,b) , using Ensembl gene IDs for homologous zebrafish genes. Significantly enriched GO terms Female Mimicry by Sneaker Males . doi:10.1093/molbev/msx293 MBE and KEGG pathways were determined against the zebrafish genomic background using a default EASE of 0.1 and Benjamini-corrected P values to account for multiple testing. Functional Annotation Clustering was used to group significantly enriched GO terms (medium stringency).
Of the very large number of genes DE in comparisons between male and female gonad, only genes DE ! log2FC 2.0 were used in enrichment analyses. Due to extensive overlap in DE gene lists in comparisons between females versus either TP or IP males (>76%), enrichment analyses were performed at the level of ovary-enriched (significantly upregulated in female against IP and TP male) or testis-enriched (significantly upregulated in IP and TP males against females). There were too few genes significantly DE in other comparisons for statistically powerful GO analysis, and DAVID GO assignment was used for exploratory purposes only.
Isotocin Expression: Technical Validation by qPCR and Localization by In Situ Hybridization
Quantitative real-time PCR (qPCR) was used to independently measure forebrain isotocin mRNA levels among TP males, IP males, and females (N ¼ 3 per phenotype). To localize isotocin-expressing neurons within the bluehead wrasse brain, in situ hybridization (ISH) was used to visualize the spatial expression pattern of isotocin mRNA in the bluehead wrasse brain. Detailed qPCR and ISH methods are presented in supplementary S6, Supplemenatry Material online.
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